The biodegradation of South Louisiana (SL) crude oil and the effects of nitrogen, phosphorus, and iron supplements on this process were compared in a polluted (10, 900 Although iron is one of the most abundant elements in the lithosphere (13), its precipitation as ferric hydroxide at alkaline reaction often causes this essential mineral nutrient to limit the biological productivity (23) in surface seawater to a similar degree as do nitrogen and phosphorus (24). Petroleum is a suitable source of carbon and energy for various marine microorganisms (14), but is deficient in N and P (15). The amount of metabolically available iron in crude oil is unknown. It has been demonstrated that the biodegradation of polluting petroleum in seawater is greatly stimulated by nitrogen and phosphorus supplements (3). Oleophilic forms of these nutrients were shown to promote the biodegradation of free-floating oil slicks and were proposed for use in the cleanup of oil spills untractable by conventional techniques (6). In an effort to further improve the performance of the oleophilic fertilizer formulation (a combination of paraffinized urea and octylphosphate) developed in this laboratory, the effect of iron, added either in the water-soluble or in oleophilic form, on the biodegradation of petroleum in polluted and in relatively unpolluted littoral seawater was tested.
The biodegradation of South Louisiana (SL) crude oil and the effects of nitrogen, phosphorus, and iron supplements on this process were compared in a polluted (10, 900 oil degraders per liter) and in a relatively clean (750 oil degraders per liter) littoral seawater sample taken along the New Jersey coast. Without supplements, the biodegradation of SL crude oil was negligible in both seawater samples. Addition of nitrogen and phosphorus allowed very rapid biodegradation (72% in 3 days) in polluted seawater. Total iron in this seawater sample was high (5.2 AM) , and the addition of iron did not increase the biodegradation rate further. In the less polluted and less iron-rich (1.2 ,uM) seawater sample, biodegradation of SL crude oil was considerably slower (21% in 3 days) and the addition of chelated iron had a stimulating effect. Ferric octoate was shown to have a similar stimulating effect on SL crude oil biodegradation as chelated iron. Ferric octoate, in combination with paraffinized urea and octylphosphate, is suitable for treatment of floating oil slicks. We conclude that spills of SL crude and similar oils can be cleaned up rapidly and efficiently by stimulated biodegradation, provided the water temperatures are favorable.
Although iron is one of the most abundant elements in the lithosphere (13) , its precipitation as ferric hydroxide at alkaline reaction often causes this essential mineral nutrient to limit the biological productivity (23) in surface seawater to a similar degree as do nitrogen and phosphorus (24) . Petroleum is a suitable source of carbon and energy for various marine microorganisms (14) , but is deficient in N and P (15) . The amount of metabolically available iron in crude oil is unknown. It has been demonstrated that the biodegradation of polluting petroleum in seawater is greatly stimulated by nitrogen and phosphorus supplements (3) . Oleophilic forms of these nutrients were shown to promote the biodegradation of free-floating oil slicks and were proposed for use in the cleanup of oil spills untractable by conventional techniques (6) . In an effort to further improve the performance of the oleophilic fertilizer formulation (a combination of paraffinized urea and octylphosphate) developed in this laboratory, the effect of iron, added either in the water-soluble or in oleophilic form, on the biodegradation of petroleum in polluted and in relatively unpolluted littoral seawater was tested. ' (19) .
Residual oil from incubated seawater samples was recovered by four consecutive extractions with 25-ml portions of n-hexane. The extracts were combined and concentrated by evaporation on steam to about 25 ml. The concentrate was dried with anhydrous Na2SO4. The liquid phase was decanted. The solids were washed six times with small amounts of hexane and the anhydrous concentrate was adjusted with n-hexane to 100 ml. Quantitative analysis was performed by gas chromatography by using a Hewlett-Packard model 5700 A gas chromatograph with dual flame ionization detectors and on-column injection of 5-lI samples. The stainless-steel columns (1.8 by 3 mm) were packed with 10% Apiezon L on 60/80 mesh Chromosorb W. Operating conditions were as follows: nitrogen carrier, 30 ml/min; hydrogen, 30 ml/min; air, 240 ml/min. The detector was kept at 350 C. The oven temperature was held after sample injection for 2 min at 110 C and was subsequently programmed at a rate of 4 C/min to 250 C and held for 9 min. Under these conditions, petroleum components with equivalent carbon chain length from C,1 to C2, were recorded on the chromatogram. The chromatograms were quantitated by integration of the total area response from C,2 to C23. Percentage of biodegradation was calculated by comparing the area response of biodegraded samples, after correction for nonbiological losses, to that of an unexposed oil sample. The weight losses of 10-g SL crude oil samples under a nitrogen stream and a temperature program cycle similar to that used in the gas chromatographic analysis indicated that a 17% by weight residual portion of the fresh SL crude oil was not measured by our routine gas chromatographic analysis procedure. As this proportion is not likely to stay constant during biodegradation, our data based on gas chromatographic analysis are presented without this correction. Peaks corresponding to individual n-paraffins were identified by their retention times as compared with authentic standards (Analabs Inc., North Haven, Conn.) and with the profile of a previously investigated Sweden (Texas) crude oil sample (4) .
Iron in SL crude oil was determined by dry ashing of 10-g samples in a muffle furnace at 850 C. The ash was dissolved in concentrated HCl and the acid was evaporated on steam. The residue was dissolved in 10 ml of 0.1 M HCl and iron was determined by atomic absorption spectrometry using a PerkinElmer model 290 instrument (2) .
RESULTS AND DISCUSSION Analysis of the seawater samples. The abundance of petroleum-degrading microorganisms, salinity, and total iron concentration of seawater from the two sampling sites are compared in Table 2 . The higher numbers of hydrocarbon degraders at the Sandy Hook site are consistent with its proximity to known pollution sources. During the summer of 1971, the numbers of hydrocarbon degraders in the Sandy Hook area were found to be 1 order of magnitude lower than in the present study (7) , but these samples were taken several kilometers off the shore. The proximity of the sampling sites to the shore in the present study readily explains the higher numbers, since wave action in shallow water results in a larger amount of suspended solids and associated microorganisms.
In consequence of the freshwater inflow from dation of SL crude oil in unsupplemented seawater from both collection points was insignificant ( Fig. 1) . When nitrate and phosphate were added at levels found to be optimal in earlier studies on Sweden crude oil (3), biodegradation was very rapid in the more polluted Sandy Hook water and occurred at a fair rate in the less polluted Island Beach water. This effect of nitrogen and phosphorus on oil biodegradation in seawater was noted earlier in this (3) as well as in other laboratories (10, 11, 21) , but some quantitative differences are noteworthy. Biodegradation in nitrate-and phosphate-enriched seawater was remarkably rapid as compared to the biodegradation of Sweden crude oil tested under identical conditions (3). Sweden crude oil was shown to have volatile components that are bacteriostatic (5) and cause a temperature-dependent lag period in biodegradation. Maximal biodegradation of Sweden crude oil (-70%) at 28 C in Sandy Hook water required 3 to 4 weeks (3). Oil spill cleanup by stimulated biodegradation was judged to be of value where physical cleanup is technically impossible, but the slowness of the process was considered to be a major drawback (8) . In the present tests with SL crude oil, comparable biodegradation (73%) was achieved in 3 days using Sandy Hook water. It is evident from Fig. 2 that, besides the normal alkane peaks, most of the unresolved "envelope" of branched alkanes, cycloalkanes, and aromatics was also degraded. In the less polluted Island Beach water the biodegradation process was slower and less complete (see Fig.  5B ).
SL crude oil is apparently substantially less bacteriostatic than the previously tested Sweden crude oil. It is encouraging to note that the biodegradation of SL crude oil, which is representative of much of the U.S. Gulf Coast production, can attain a rate and extent that compares favorably with much more costly cleanup methods. Admittedly, this occurs under optimal conditions, but a temperature of 28 C is not unrealistic for the shallow waters of the Gulf Coast, and nitrogen and phosphorus can be supplied in oleophilic form to free-floating slicks (6) .
An earlier survey.of the numbers of hydrocarbon degraders and the oil biodegradation potential in the Raritan Bay showed an inverse correlation between the former numbers and the distance to known pollution sources, but no correlation with the biodegradation potential was discerned (7) . A more significant difference between the sampling sites, a closer monitoring of the time course of the biodegradation and the less inhibitory nature of the SL crude oil were probably all helpful in revealing such a correlation in the present study.
Effect of chelated iron on the biodegradation of SL crude oil in polluted and unpolluted seawater. The specific levels of iron required by hydrocarbon-degrading bacteria are not available from the literature. The minimum iron concentration that allowed the attainment of a 1.28-mg/ml protein yield (approximately 2.1 mg/ml [dry weight]) by the facultatively chemolithotrophic bacterium Alcaligenes eutrophus strain Hi (formerly Hydrogenomonas strain H1) is 2.5 ,uM or 14 ug of Fe per 100 ml of medium (9) . Determination of iron in SL crude oil by atomic absorption spectrometry yielded 7.2 ppm (wt/wt) or 5.7 ug/ml. Centrifugation of SL crude oil at 10,000 rpm for 15 min before iron determination did not lower this value. Consequently, the determined iron was regarded to be organometallic rather than mineral. The metabolic availability of this iron being unknown, a contribution from this source towards the production of cell biomass was not assumed in the subsequent calculations. Depending on the seawater sample (see Table 2 ), the total iron in a 100-ml amount was calculated to be 6.7 and 30.0 ,g, respectively. Most of this iron is not in solution but associated with particles (11) and is not available for immediate incorporation by microorganisms. Hydrocarbons can be converted to dry cell material with up to 100% efficiency (12) , and in this manner the biodegradation of 70% of 1 ml of SL crude oil could yield up to 550 mg of cell dry weight. Assuming that the iron requirement per cell dry weight of A. eutrophus strain Hi and the hydrocarbon degraders is similar, the discrepancy between the required (26.7 ,g) and the actually available iron, especially in the less polluted seawater sample, could well limit the total cell yield and thus the rate of oil biodegradation. As the specific iron requirement of hydrocarbon degraders was not determined in these studies, iron was added at 25 uM concentration, i.e., at the 10-fold level that permitted a 2.1-mg/ml cell yield of A. eutrophus strain Hi. This was done to insure that both a higher cell yield and a possibly higher specific iron demand would be satisfied by the added iron. Figure 3 shows the effect of chelated iron on the biodegradation rate of SL crude oil in Sandy Hook and Island Beach water. In the more polluted and iron-rich water sample, the stimulation of the biodegradation rate was marginal. In the less polluted and less iron-rich water sample there was a clear stimulation of the biodegradation rate by added iron, though the effect was far less dramatic than that of nitrogen and phosphorus. The experiment suggests that iron, along with nitrogen and phosphorus, may limit petroleum biodegradation to some degree in relatively clean coastal waters, and even more so in pelagic seawater. Iron is not likely to limit petroleum biodegradation in coastal waters that receive substantial amounts of terrigeneous sediments. The temporary nature of the limitation in the less ironrich seawater sample suggests that in the course of extensive petroleum biodegradation some of the organometallic iron may become available for the degrading microorganisms, but utilization of intracellular iron in the course of population turnover furnishes an equally plausible explanation.
Effect of oil-soluble iron in combination with oleophilic nitrogen and phosphorus on the biodegradation of SL crude oil. The following experiments were conducted with Island Beach water only, since an iron limitation was not evident in the Sandy Hook water sample. For the reasons discussed in an earlier publication (6), the stimulated biodegradation of a floating oil slick requires oil-soluble rather than water-soluble sources of the required mineral nutrients. From the available organometallic iron compounds, on the basis of their solubility characteristics, ferrocene and ferric octoate were selected for use in biodegradation tests. Ferrocene performed poorly in these tests, apparently because of biological recalcitrance. Ferric octoate, an oily substance with a strong reddish-brown color, failed to stain the water phase but dissolved homogeneously in SL crude oil. It stimulated its biodegradation to a similar degree as did chelated iron (Fig. 4) . In combination with paraffinized urea and octylphosphate, it is judged to be of use as oleophilic fertilizer for stimulated biodegradation of floating oil slicks. Ferric octoate is quoted by the manufacturer at $2.20/kg. At our projected treatment levels, 1 metric ton of crude oil requires 150 g of this material. Hence, the incorporation of ferric octoate would add only minimally to the estimated cost ($15.00/metric ton of oil) of the oleophilic nitrogen and phosphorus (6) . Figure 5 shows the gas chromatographic tracings obtained after 3 days of biodegradation. At this early time in unsupplemented seawater (A), no change is evident. Sample (B), supplemented with nitrogen and phosphorus only, biodegradation is largely restricted to nalkane peaks, while the addition of iron (C) substantially reduces also the size of the unresolved "envelope." Pristane (2,6,10,14-tetramethylpentadecane, labeled as iso-C19 in Fig. 5 ) is relatively resistant to biodegradation as repeatedly observed before (4, 18) , but it is also obvious that some biodegradation of this compound had occurred before the n-alkanes were exhausted. The diauxic phenomenon described for pure cultures of Brevibacterium erythrogenes (20) does not necessarily apply to mixed microbial communities, and the use of pristane as "internal standard" in such cases (18) Biodegradation of SL crude oil in relatively unpolluted Island Beach seawater, as stimulated by oleophilic fertilizers. Symbols: Circles, paraffinized urea and octylphosphate were added; squares, paraffinized urea, octylphosphate and iron octoate were added. The dashed line shows, for comparison, biodegradation in unsupplemented seawater (see Fig. 1 Symp., Aug. 17-23, Kingston, R.I., Abstr. 17, p. 7, 1975) on the expansion of the substrate range of a hydrocarbon-degrading Pseudomonas putida strain is an encouraging step towards the development of highly effective microbial inocula for oil cleanup.
